In the developing muscle, a pool of myogenic progenitor cells is formed and maintained. These resident progenitors provide a source of cells for muscle growth in development and generate satellite cells in the perinatal period. By the use of conditional mutagenesis in mice, we demonstrate here that the major mediator of Notch signaling, the transcription factor RBP-J, is essential to maintain this pool of progenitor cells in an undifferentiated state. In the absence of RBP-J, these cells undergo uncontrolled myogenic differentiation, leading to a depletion of the progenitor pool. This results in a lack of muscle growth in development and severe muscle hypotrophy. In addition, satellite cells are not formed late in fetal development in conditional RBP-J mutant mice. We conclude that RBP-J is required in the developing muscle to set aside proliferating progenitors and satellite cells.
In the developing muscle, a pool of myogenic progenitor cells is formed and maintained. These resident progenitors provide a source of cells for muscle growth in development and generate satellite cells in the perinatal period. By the use of conditional mutagenesis in mice, we demonstrate here that the major mediator of Notch signaling, the transcription factor RBP-J, is essential to maintain this pool of progenitor cells in an undifferentiated state. In the absence of RBP-J, these cells undergo uncontrolled myogenic differentiation, leading to a depletion of the progenitor pool. This results in a lack of muscle growth in development and severe muscle hypotrophy. In addition, satellite cells are not formed late in fetal development in conditional RBP-J mutant mice. We conclude that RBP-J is required in the developing muscle to set aside proliferating progenitors and satellite cells.
muscle differentiation ͉ myogenic progenitors ͉ Notch signaling M yogenesis is a tightly regulated process that is essential in muscle development and regeneration. During mammalian development, phases of embryonic and fetal myogenic differentiation lead to the formation and growth of skeletal muscles. In the postnatal and adult organism, skeletal muscle grows and regenerates by the myogenic differentiation of stem cells, the satellite cells (1) . Muscle progenitor cells during development or satellite cells in the adult initiate myogenic differentiation as a result of the activation of myogenic determination factors like Myf5 and MyoD and form myoblasts (for reviews, see refs. [2] [3] [4] . Mononucleated myoblasts begin to express muscle-specific proteins and fuse to form multinucleated myotubes, the constituents of mature skeletal muscle.
Skeletal muscle and satellite cells of the body and the extremities derive from the somites, segmental derivatives of the paraxial mesoderm (5) (6) (7) (8) (9) (10) . As the somite matures, myogenic progenitor cells become confined to the dermomyotome that expresses the transcription factor Pax3 (paired box protein 3). After myogenesis is initiated, a resident progenitor population that expresses Pax3 and Pax7 is maintained in the developing muscle (7) (8) (9) . Late in fetal development, the progenitor population generates satellite cells, which are marked by the expression of Pax7 (7) (8) (9) . Some, but not all, satellite cells also express Pax3 (11) . Thus, in a developing or adult muscle, a pool of undifferentiated cells is preserved that has the potential to undergo myogenic differentiation. The molecular mechanism used to set aside this population of progenitor cells is not understood.
The Notch signaling pathway is highly conserved in evolution and plays important roles during development and in the adult. Notch signals regulate diverse processes, including maintenance of progenitors, cell fate decisions, proliferation, and differentiation (for reviews, see refs. [12] [13] [14] . Notch signaling is initiated by the interaction of the Notch receptor (Notch 1-4 in mammals) with its ligand (Delta-like 1, 3, and 4 and Jagged 1 and 2 in mammals). Ligand binding results in proteolytic cleavage of the receptor and releases the Notch intracellular domain, which interacts directly with the primary mediator of Notch signaling, the RBP-J (Rbpsuh) transcription factor. In the absence of Notch signals, RBP-J is associated with corepressors and represses transcription. The Notch intracellular domain displaces corepressors from RBP-J, allows the recruitment of coactivators, and induces the activation of target genes like Hes-1 (15, 16) . A wealth of data demonstrates the importance of various components of the Notch signaling pathway in somitogenesis (reviewed in refs. 17 and 18). Notch signaling is also essential for the establishment of rostral and caudal identities in the somite (19) (20) (21) . In addition, Notch signals have been implicated in regulating postnatal muscle regeneration. Aged muscle has an impaired ability to regenerate because of the decreased induction of Delta-like-1 upon injury, and forced activation of Notch restores the regenerative capacity by regulating stem cell activation, proliferation, and self-renewal (22) . Furthermore, ectopic activation of Notch in satellite cell culture or in the chicken embryo interferes with myogenic differentiation (23) (24) (25) (26) (27) . Notch signaling inhibits myogenesis by RBP-J, activating the expression of the transcription factor Hes1; Hes1 encodes a transcriptional repressor that in turn suppresses MyoD (15, 28) . In addition, RBP-J-independent mechanisms may also contribute to Notch function (29, 30) .
We used conditional mutagenesis of RBP-J to assess Notch functions in muscle differentiation. The Lbx1 cre transgene allowed us to elicit recombination of the floxed RBP-J gene (31) in migrating muscle progenitors that generate hypaxial muscles of the limbs, tongue, and diaphragm. In addition, a Pax3 cre allele (32) was used to investigate RBP-J function in nonmigrating hypaxial and epaxial muscle progenitors. This approach circumvented the midgestation lethality associated with null mutations in RBP-J and allowed the analysis of RBP-J functions in muscle differentiation. Our data show that RBP-J is essential to maintain a resident pool of muscle progenitor cells and to prevent their differentiation. We also show that RBP-J is essential to set aside satellite cells late in fetal development.
Results
To investigate the role of RBP-J in muscle differentiation by conditional mutagenesis, a transgenic mouse line was constructed that expresses Cre-recombinase under the control of Lbx1 genomic sequences ( Fig. 1A ; see also Materials and Methods). The endogenous Lbx1 gene is expressed in long-range migrating muscle progenitor cells (33, 34) . By the use of ROSA26R reporter mice, we showed that Lbx1 cre introduced efficiently recombination in muscle progenitor cells that migrate to the limbs and branchial arches (Fig. 1 B-D) ; our subsequent analysis indicated that recombination in progenitor cells that move to the diaphragm (arrowhead in Fig. 1C (Fig. 2 A and B) . Cells that initiated the expression of the muscle determination gene MyoD were not observed in limbs of control and RBP-J/Lbx1 cre mutant mice at this stage ( Fig. 2 A and B) .
At subsequent developmental stages, changes in myogenic differentiation were apparent in mutant mice. The majority of muscle progenitor cells in the limb of control mice coexpress Pax3 and Lbx1 at E11.5. Pax3ϩ and Lbx1ϩ progenitor cells were present in RBP-J/Lbx1 cre mice, but their overall number was reduced ( Fig. 2 C and D) . At E11.5, cells that initiated the expression of the muscle determination factor MyoD can be observed in control and conditional mutant mice. MyoDϩ cells were more abundant in RBP-J/Lbx1 cre mice, and the ratio of MyoDϩ/Pax3ϩ cells was increased ( E11.5 ( Fig. 2E and data not shown). We observed that many Lbx1ϩ cells coexpressed Hes1 in control mice, and that Hes1 expression was markedly down-regulated in Lbx1ϩ cells of RBP-J/Lbx1 cre mice (Fig. 2F ). In limbs of control mice, many Pax3ϩ and Lbx1ϩ progenitors, particularly those that locate to the proximal limb, coexpress Pax7 (Fig. 2G) . Interestingly, Pax7ϩ cells were rare in the limbs of RBP-J/Lbx1 cre mice, and those present contained low levels of the Pax7 protein ( Fig. 2 H  and K) .
When the limbs of control and mutant mice were compared at subsequent stages (E12.5), we observed a marked reduction in the number of Pax3ϩ or Lbx1ϩ progenitor cells, as well as a reduction in the number of cells that expressed MyoD in RBP-J/Lbx1 cre mice ( Fig. 2 I and J and data not shown). Pax7 was present in limbs of control mice but not detectable in RBP-J/ Lbx1 cre mice (not shown). Desmin is an intermediate filament protein whose expression is initiated early during myoblast differentiation. Desminϩ cells were not detectable in the limbs of control and RBP-J/Lbx1 cre mice at E11.5. Compared with control mice, we observed more widespread desmin and myogenin expression in RBP-J/Lbx1 cre mice at E12.5 ( Fig. 2 I and J and data not shown). We conclude that more myogenic progenitor cells initiated differentiation at E11.5. Furthermore, more cells that progressed in myogenic differentiation and expressed desmin or myogenin were observed in the limb of RBP-J/Lbx1 cre than in control mice at E12.5. This was accompanied by a reduction in the number of Pax3ϩ/Lbx1ϩ progenitor cells.
We also assessed the proliferation capacity of muscle progenitor cells in control and RBP-J/Lbx1 cre mice and observed that similar proportions of Pax3ϩ cells had incorporated BrdU one hour after BrdU injection at E10.5 or E11.5 (Fig. 2L) . Proliferative activities of MyoDϩ and Myf5ϩ cells were also similar at E11.5 (Fig. 2L) . TUNEL staining did not reveal changes in cell death in developing limbs at E11.5 (not shown). A pulse-chase experiment in which BrdU was injected 24 h before analysis at E11.5 demonstrated that a larger proportion of BrdUϩ cells expressed MyoD, and a smaller proportion expressed Pax3 (Fig.  2M) . Thus, proliferating muscle progenitor cells in the limb that are labeled by BrdU injection at E10.5 were less likely to give rise to a Pax3ϩ progenitor in RBP-J/Lbx1 cre mice than in control mice. In contrast, they were more likely to generate cells that initiate myogenic differentiation and express MyoD.
Differentiated muscle groups in the limbs can be discerned by using skeletal muscle-specific myosin antibodies at E14.5 and were present in control and RBP-J/Lbx1 cre mice. However, the size of the muscle groups was markedly reduced in conditional mutant mice (Fig. 3 A and B) . Progenitor cells that expressed Pax7 were present in muscle of control mice but were not observed in RBP-J/Lbx1 cre mice (Fig. 3 C-E ). Other markers (Pax3 and Lbx1) useful for the identification of progenitor cells at E10-E12.5 were not expressed in the limbs of control and conditional mutant mice at E14.5 (data not shown). MyoD and Myf5 act as determination factors only at the onset of myogenesis and are down-regulated after myoblasts reach a postmitotic state and fuse. Cells that expressed MyoD or Myf5 were associated with muscle fibers in control and conditional mutant mice, but their numbers were reduced in the mutants (Fig. 3 A, B , and E; the expression of various markers is summarized in Fig. 3G ). In addition, BrdU labeling demonstrated that the proliferative capacity of MyoDϩ and Myf5ϩ cells was reduced at this stage in the RBP-J/Lbx1 cre animals, indicating that these differentiating cells had acquired a postmitotic state (Fig. 3F) . We conclude that myofiber formation had occurred by E14.5 in the limbs of RBP-J/Lbx1 cre mice, but muscles were small, and progenitor cells were no longer present.
Mature myofibers surrounded by a basal membrane appear late in fetal development. Satellite cells can be discerned by their location below the basal lamina of myofibers and their expression of Pax7 (Fig. 4A) . Mature myofibers of comparable diameter were present in limbs of control and RBP-J/Lbx1 cre mice at E18.5, but we observed a reduced fiber density in conditional mutants (Fig. 4 A-C) . Notably, the fibers of the RBP-J/Lbx1 cre mice were devoid of Pax7ϩ cells (Fig. 4 B and D) . MyoDϩ nuclei in the muscle of the RBP-J/Lbx1 cre mutants were still detectable but compared with control mice, the number of MyoDϩ nuclei/fiber was reduced (Fig. 4 E-G) . BrdU injection experiments indicated that at E18.5, all MyoDϩ cells in limb muscles had reached a postmitotic state in RBP-J/Lbx1 cre , but not in control mice (not shown). We isolated single fibers from fetal muscle and confirmed the absence of Pax7ϩ satellite cells in fiber preparations of conditional mutant mice (Fig. 4 H and I) . This experiment also demonstrated that the numbers of nuclei in myofibers were reduced in RBP-J/Lbx1 cre compared with control mice (Fig. 4J) . In addition, we used electron microscopy to confirm the absence of satellite cells in muscle of RBP-J/Lbx1 cre mice (Fig. 4 K and L) . Thus, we observed not only a deficit in Pax7 expression but also a complete lack of satellite cells in the limbs of RBP-J/Lbx1 cre mice. Migrating muscle progenitors also generate the intrinsic tongue muscle; immunohistological and electron microscopic analysis indicated that tongue muscle was similarly affected in RBP-J/Lbx1 cre mice [supporting information (SI) Fig. 6 ].
To extend the functional analysis of RBP-J to include also nonmigrating muscle progenitor cells, we used a Pax3 cre allele to mutate RBP-J in the dermomyotome (32) . The myotome can be discerned by the presence of MyoDϩ cells and is populated in control mice at E11.5 by Pax3ϩ/Pax7ϩ progenitor cells that derive from the dermomyotome (ref. 7; see also Fig. 5A ; the dashed line indicates the boundary between the dermomyotome and the myotome). Pax3ϩ/Pax7ϩ progenitor cells in the myotome were reduced in number in RBP-J/Pax3 cre mice at E11.5 (Fig. 5B) . The density of MyoDϩ cells in the myotome, however, was increased in RBP-J/Pax3 cre compared with control mice (Fig.  5 A and B Insets) . TUNEL staining indicated that apoptosis rates were similar in myotomes of control and RBP-J/Pax3 cre mice at E11.5 (180 Ϯ 12 and 168 Ϯ 15 TUNEL ϩ cells/mm 2 in control and mutant myotomes, respectively), indicating that cell death could not account for the reduction in the number of Pax3ϩ/ Pax7ϩ cells. The myotome generates deep muscles of the back. At E14.5, residual back muscles were observable in conditional mutant mice, but these were small and devoid of Pax7ϩ and Pax3ϩ cells (Fig. 5 C-F) . Pax7ϩ satellite cells could not be discerned at E18.5 in residual muscle fibers of the back in RBP-J/Pax3 cre mice (Fig. 5 G and H) . Furthermore, intercostal and diaphragm muscles were small and devoid of Pax7ϩ cells in the RBP-J/Pax3 cre mice, and the appearance of limb muscles was similar to that observed in RBP-J/Lbx1 cre mice (SI Fig. 7 ). We conclude, therefore, that RBP-J is essential for the maintenance of progenitor cells and for formation of satellite cells in epaxial and hypaxial muscle compartments.
Discussion
During muscle development, a balance between progenitor cell proliferation and differentiation ensures the maintenance of progenitors and muscle growth. Various growth factors can enhance proliferation and delay myogenic differentiation (35) (36) (37) . Ectopic activation of Notch signaling is known to interfere with muscle differentiation in the chicken embryo and suppresses myogenic differentiation in culture (23) (24) (25) (26) (27) (28) . Forced activation of Notch enhances regenerative capacity of adult muscle, which was attributed to an enhanced muscle stem cell activation, proliferation and self-renewal (38) . By using the cre/loxP system to introduce a conditional mutation, we show here that RBP-J, the major transcriptional mediator of Notch signals, is essential to maintain muscle progenitor cells in an undifferentiated state. In these conditional RBP-J mutant mice, muscle progenitors undergo myogenic differentiation in an uncontrolled and premature manner. In addition, we show that RBP-J is required to set aside satellite cells late in development of the muscle.
RBP-J and Myogenic Differentiation. Myogenic differentiation in normal development is a process that occurs over many days. We observed pronounced changes in myogenic differentiation, as assessed by MyoD and desmin expression. MyoD is present in proliferating and postmitotic myoblasts, whereas desmin is expressed in differentiating myoblasts and myotubes. In the limbs of control mice, the first wave of MyoDϩ myoblasts appears at E11.5, but MyoDϩ cells can be observed during the entire fetal period. MyoDϩ cells appeared on schedule in the limbs of RBP-J/Lbx1 cre mice, but their number was increased at early (E11.5) and reduced at late (E14.5 and E18.5) stages. Desminexpressing myoblasts appeared on schedule in the limbs of RBP-J/Lbx1 cre mice. Their number was increased at early stages, but desminϩ muscle groups were subsequently smaller (see Fig.  3G for a summary). We conclude, therefore, that differentiation occurs on schedule in the limbs of RBP-J/Lbx1 cre mice, but the number of differentiating cells is increased at early stages. RBP-J controls directly the expression of Hes1, and Hes1 is known to suppress MyoD (15, 28) . A loss of MyoD repression is in accordance with the increased myogenic differentiation in RBP-J/Lbx1 cre conditional mutant mice. In contrast, the number and the proliferative index of Myf5ϩ cell were unchanged in RBP-J/Lbx1 cre mice at early stages, indicating that Myf5 expression is not controlled by Notch signaling.
RBP-J, Myogenic Progenitors, and Satellite Cells. The augmented myogenic differentiation observed in the limbs of RBP-J/Lbx1 cre mice was accompanied by a rapid depletion of the progenitor pool. During normal development, progenitors that maintain proliferative capacity are set aside. These provide a cellular source that allows muscle growth over a prolonged period in development. In the limbs, such progenitors express Pax3, Lbx1, and Pax7 at early stages (E10-E12.5) and only Pax7 at late stages (E13 to birth). We observed that the early Pax3ϩ or Lbx1ϩ progenitors appear on schedule and in normal numbers in limbs of RBP-J/Lbx1 cre mice. Subsequently, their number is, however, reduced, because a larger proportion of progenitor cells initiated myogenic differentiation early. At late developmental stages, the numbers and proliferative index of Myf5ϩ and MyoDϩ cells were reduced. The pronounced reduction in cells that initiate myogenic differentiation at late developmental stages and the pronounced reduction of muscle mass in RBP-J/Lbx1 cre animals appears thus to result from the premature depletion of the progenitor pool. Interestingly, Pax7 expression is massively down-regulated already at E11.5 in the limbs of mutant mice, and a reduction in progenitor numbers due to differentiation cannot account for this pronounced change. Progenitor cells are set aside to become satellite cells in the late fetal period, and electron microscopic as well as immunohistological analyses demonstrated that satellite cells were not present in limbs of the RBP-J/Lbx1 cre mice. We previously characterized Lbx1 mutant mice that display a migratory deficit in myogenic progenitor cells, which results in the appearance of only few progenitors in the limbs, and in the formation of small muscle groups (39) . Pax7ϩ satellite cells, however, were associated with the remaining limb muscles (SI Fig. 8 ), indicating that a reduction in progenitor numbers and/or muscle size does not impede satellite cell formation. Notch signals maintain progenitor cells not only in the developing muscle but also in other organs like the nervous system, pancreas, and intestine (for reviews, see refs. [40] [41] [42] . RBP-J is the major transcriptional mediator of Notch signals, but not all RBP-J functions depend on Notch. Recently, similar changes in muscle development to those reported here were described in mice that carry a hypomorph Delta-like-1 allele, indicating that we observed a Notch-dependent function of RBP-J (43) . In neural progenitors, Notch signals induce, by RBP-J, the expression of Hes1 and Hes5 and suppress proneural genes, thus maintaining a pool of progenitor cells. Proneural genes, however, induce the expression of the Notch ligand Delta-like-1 in differentiating cells, resulting in up-regulated Notch signaling and suppressed differentiation of neighboring cells (44) . Parallels to the function of Notch/RBP-J in muscle progenitors are apparent, where RBP-J, by its control of Hes1, represses MyoD. Notch ligands are expressed by myoblasts and/or myotubes (25) , indicating that signals provided by differentiating myogenic cells control the maintenance of progenitors.
Materials and Methods
Generation of an Lbx1 cre Transgenic Mouse Strain. A 144-kb BAC clone RP23-188J8 (RZPD, Berlin, Germany) containing Lbx1 was modified by using homologous recombination in bacteria (45) . Cre sequences were fused to the initiating ATG codon of Lbx1, replacing exon 1 sequences. In addition, a neomycin (neo) cassette flanked by FRT sites was inserted for selection, and neo was subsequently removed by transient Flpe expression in bacteria. The linearized Lbx1 Cre -BAC was injected into pronuclei of fertilized eggs, and transgenic founders were screened for Cre expression in ROSA26R mice (46) . By using the Lbx1 cre (TG3) transgene, we observed recombination in migrating muscle progenitors. Analysis of RBP-J/Lbx1 cre mice demonstrated pronounced changes in the size of limb and tongue muscles, but the diaphragm muscle was mildly affected. We detected many RBP-J-positive cells in the diaphragm, indicating that recombination was incomplete. However, the diaphragm muscle was very small and devoid of Pax7ϩ cells in RBP-J/Pax3 cre mice. RBP-J/ Lbx1 cre mice were born at expected Mendelian ratios, but did not suckle and died within the first postnatal day. RBP-J/Pax3 cre mice were born at expected ratios but did not move or breath and died shortly after birth.
Immunohistochemistry and Electron Microscopy. Immunohistology was performed on 12-m cryosections of tissues fixed in 4% paraformaldehyde for 2 h. The following antibodies were used: mouse anti-skeletal fast myosin (Sigma, St. Louis, MO), rabbit or mouse anti-desmin (Sigma), rabbit anti-MyoD (Santa Cruz Biotechnology, Santa Cruz, CA), guinea pig anti-Lbx1 (47), rat anti-Hes1 (MBL, Woburn, MA), rabbit anti-laminin (CAPPEL, Solon, OH), mouse anti-Pax7 (Developmental Studies Hybridoma Bank, Iowa City, IA), rat anti-Pax3 (M. Goulding, Salk Institute, La Jolla, CA), rabbit anti-Pax3 (48), goat anti-␤-galactosidase (CAPPEL), and secondary antibodies conjugated with biotin, Cy2, Cy3, or Cy5 (Dianova, Hamburg, Germany). SYBR green I (Molecular Probes, Eugene, OR) was used as a nuclear stain. For Hes1 antibody staining the Cy3-TSA Fluorescence System (PerkinElmer Life Sciences, Wellesley, MA) was used. For BrdU pulse-chase experiments, BrdU (75 g/g body weight; Sigma) was injected i.p. into pregnant females 1 or 24 h before dissection of embryos; BrdUϩ nuclei were identified by using anti-BrdU antibodies (Sigma). Apoptosis was examined by TUNEL staining by using an Apop-Tag fluorescein in situ apoptosis detection kit (Chemicon, Hampshire, U.K.). For electron microscopy, E18.5 mice were perfused with 4% paraformaldehyde. Forelimbs were postfixed with 2.5% glutaraldehyde (24 h), treated with 1% osmium tetroxide (3 h), dehydrated, and embedded in Poly/Bed 812 (Polysciences, Warrington, PA). Ultrathin sections were stained with uranyl acetate and lead citrate.
Myofibers were isolated from muscle tissue of E18 embryos; tissue was dissociated by using NB4 collagenase (0.3 mg/ml, Serva, Heidelberg, Germany; 40 min, 37°C). Single myofibers were plated on coverslips coated with BD Matrigel (BD Biosciences, Franklin Lakes, NJ). After 20-h culture, myofibers were fixed for 10 min with 4% paraformaldehyde and analyzed by immunohistochemistry.
